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Tolerances for freeform surfaces are specified using profile tolerance that controls form or combination of size, form, 
orientation and location of a feature(s) relative to a true profile. Freeform surfaces are generally inspected by using 
fixtures on a coordinate measuring machine (CMM). The combination of fixtures and the CMM enables the 
establishment of correspondence between points on the machined and nominal surface for tolerance verification. To 
respond to the market quickly, it has become inevitable to use 3D scanners that can scan an object rapidly and provide 
dense unorganized points as an output without maintaining any correspondence with the nominal CAD model. Current 
state of art uses the shortest distance criterion to establish correspondence and verify the profile tolerances. This 
results in acceptance of parts that ought to be rejected and vice versa. 
    A novel, alternative approach is proposed to overcome this deficiency and verify tolerances specified on a 
free-form surface. The technique establishes the correct one to one correspondence between the machined surface and 
CAD model using the Medial axis transform (MAT). The MAT of both the nominal surface and the measured points 
respectively, are discretised to obtain grids. Corresponding points on the two grids are then used to verify the deviation 
of the machined surface from the nominal surface. Results of preliminary experiments with simulated data are 
presented. 
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1. Introduction a 
Freeform shaped parts are of great interest in many 
applications in the context of both functionality and 
aesthetics. Initially developed for the automotive and 
aerospace industries, freeform surfacing is now widely 
used in all engineering design domains to describe 
complex forms such as airfoils, turbine blades, dies and 
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moulds, 3D-cams, biomedical instruments, ship 
propellers, boat hulls and many more. 
Generally for a freeform surface, functionality of a 
surface is directly related to the geometry of the surface. 
In freeform surfaces, functionality may vary along the 
surface resulting in the designer specifying non-uniform 
tolerances for the free-form surfaces. Also in some cases 
to avoid the sharp transitions of tolerances between the 
functional and non functional surfaces and to maintain 
the G2 continuity along the section, continuously varying 
tolerances are assigned. Figure1. shows the specification 
of non uniform tolerance zone for a free-form surface. 
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                            Fig.1. (b) 
 
Fig.1. (a) and (b) Specification of a non uniform 
Tolerance zone for free-form surface [1]. 
 
Deviations from the nominal profile design (geometry 
of the surface) often result in degraded performance, 
such as aerodynamic stall, compressor surge or reduced 
engine efficiency [2]. The Geometric tolerance of a free-
form feature is typically composed of 
position/orientation error and form error.  A similar but 
different complex geometry governs the definition of the 
trailing edge of an aerofoil, which reflects the 
importance of positional tolerance. In the case of turbine 
blade, the profile tolerances of the section curves on the 
leading edge, trailing edge, the suction face, and the 
pressure face are important parameters to evaluate the 
tolerances [3]. 
With increasing pressure on compressing the 
lifecycle, there is a corresponding demand for fast and 
accurate inspection. As a result, technologies such as 
non-contact 3D scanning are being widely adopted in 
industry to scan an object with multiple unorganized 
points as an output, for verification of dimensional and 
geometrical tolerances. 
Traditional inspection methods are very good at 
measuring the size and relative position of a feature, but 
the performance of a component in use is often 
determined by any deviation in shape or surface profiles. 
The geometric tolerance of a free-form feature is 
typically composed of location (position) /orientation 
error and form error. Profile tolerances are used to 
control form or combinations of size, form, orientation, 
and location of a feature(s) relative to a true profile. 
Profile of a surface control establishes a condition to 
control the surface outline of a feature by creating a 
three dimensional zone (volume) of a specific width and 
normal to the true profile of the feature at each surface 
element by the profile of a surface. [1]  
In case of form and orientation controls, the surface 
should be within a specified tolerance zone irrespective 
of the correspondence of the points with the nominal 
surface and thus it is least restrictive and does not have 
any issues in the current state of art. But in case of 
location (position) of features, it is more restrictive, as it 
is a position of one or more features of size relative to 
one another or to one or more datum’s thus forcing an 
establishment of a correspondence between the features. 
There are some issues in current state of art with a 
positional tolerance of features for a free-form surfaces. 
A composite profile tolerance provides for the location 
of a profiled feature and at the same time, the control of 
form and orientation. Checking the composite profile 
tolerance of component features is crucial in order to 
guarantee an optimal fit later in the assembly process. 
The important step in tolerance verification using the 
CMMs and other devices using non-contact 3D scanning 
is the alignment of cloud of points that is obtained from 
these devices and the CAD model. The alignment 
procedure consists of finding the correspondence 
between the measurement coordinate system and the 
nominal coordinate system. The accuracy of tolerance 
verification depends on the accuracy of localization 
process.  This in turn requires establishing the exact 
correspondence between the cloud of points and the 
CAD model. Based on the correspondence established, 
transformations are applied on the cloud of points to 
ensure the complete localization process. After the 
localization, it is expected that the distance will be 
measured between the corresponding points of cloud of 
points and CAD model to check if the manufactured part 
is within the tolerance specified. 
The inspection of free-form surface is a difficult 
process due its complexity of surfaces. Various sampling 
approaches are available to acquire the data points from 
the surfaces using the CMMs. In current state of art, 
tolerance verification is done by comparing the set of 
unorganized cloud of points scanned from objects with 
the nominal CAD model. The verification of tolerances 
is done by determining the closest points between the 
cloud of points and the surface of the CAD model by 
using the shortest distance criterion. The verification 
process does not consider correspondence between the 
CAD model and cloud of points as required in the 
location of features. This could result in the rejection of 
parts within tolerance or the acceptance of parts out of 
tolerance.  
Fig.2 shows the nominal surface and two instances of 
the corresponding machined surface in the frames (a) 
and (b) respectively. Point ‘A’ and point ‘B’ are 
corresponding points for a point of interest on the 
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nominal and measured surface respectively. For the case 
in frame (a), the closest point on the nominal surface for 
the measured point ‘B’ is ‘A’ itself and the distance is 
‘2’ units which is within the acceptable deviation of 2 
units. In frame (b) however, the closest point to B on the 
nominal surface is point `C’ and the distance between 
the two is 1.35 units as shown in fig 2 (b). However, the 
distance between the corresponding points ‘A’ and point 
‘B’ is 2.93 units. Thus if an allowable deviation of 2 
units is considered then the part should be rejected while 











    Fig.2. (a) 
 
 
        Fig.2. (b) 
 
Fig. 2 (a) and (b) Nominal surfaces and two instances of 
manufactured surface. 
 
ASME Y 14.5 -2009, a revision of ASME Y 14.5m -
1994 (R2004) added the definition of non uniform 
tolerance zone for 2.5D objects. For tolerance 
verification of non uniform tolerance which is the 
function of location on a surface, an establishment of 
correspondence between the measured data and CAD 
data is required. Current state of art for tolerance 
verification does not support for the non uniform 
tolerance verification. 
ASME Y 14.5 -2009, a revision of ASME Y 14.5m -
1994 (R2004) added the definition of non uniform 
tolerance zone for 2.5D objects. For tolerance 
verification of non uniform tolerance which is the 
function of location on a surface, an establishment of 
correspondence between the measured data and CAD 
data is required. Current state of art for tolerance 
verification does not support for the non uniform 
tolerance verification. 
In this context, we present a novel, alternative 
approach to free-form surface verification which 
establishes the correspondence between the 
manufactured surface and CAD model by using the 
Medial axis transform (MAT). MAT is a conceptually 
elegant abstraction of shape models can be used for the 
verification of tolerances for a free-form surfaces with 
correct correspondence. Advantages of the MAT over 
the current state of art of verification and its uses for 
dimensional tolerance verification are discussed in [4].  
For geometrical tolerance verification of free-form 
surfaces, this paper uses the MAT generated for a free-
form surface using geodesic distances on the surface [5]. 
The proposed approach establishes the correct one to one 
correspondence between the machined surface and CAD 
model using the Medial axis transform (MAT). The 
MAT of both the nominal surface and the measured 
points respectively, are discretised to obtain grids. 
Corresponding points on the two grids are then used to 
verify the deviation of the machined surface from the 
nominal surface. The remainder of the paper is 
organized as follows. Section 2 deals with a brief review 
of related work. Section 3 describes the procedure for 
verification of profile tolerance of a solid based freeform 
surface by using medial axis transform for free-form 
surfaces. Section 4 presents results followed by a 
discussion of some issues regarding the tolerance 
verification process. The paper ends with some 
concluding remarks. 
2. Literature Review 
Generalized steps involved in performing an 
inspection of a part are – scan and acquire cloud of 
points, localization of CAD model with cloud of points 
and comparison between the CAD model and cloud of 
points. Various methods are used for localization of 
cloud of points and CAD model. This is a very important 
step in the verification of free-form surfaces and various 
methods have been introduced and discussed in the 
literature to improve the localization [6-8]. The goal of 
localization is to find a transformation that optimally 
positions the measured point set in the CAD reference 
frame (CRF).  In all of the methods used for localization, 
the main objective is to minimize the distances between 
the various features and not between the corresponding 
points. 
The last step in inspecting a part is comparison of 
cloud of points with the CAD model. This involves 
comparing the acquired point cloud with the nominal 
surface in the CAD model with minimum distance as the 
criterion to ensure that it satisfies the specified tolerance 
values. Wolowich et al. [9] proposed implicit 
polynomial model to measure the corresponding points 
of point cloud obtained by the CMM and actual model. 
Interestingly, except Wolowich et.al, there is no 
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literature available which comments on measuring the 
corresponding points between the measured data and 
CAD model. Though, certain attempts [10, 11] were 
made to define a non-uniform tolerance zone for 
verification of a tolerance for free-form surfaces. 
Cardew-Hall et al. [10] used B-splines for the 
mathematical representation of permissible surface 
tolerance variations for the free-form surface and 
provide a basis for CAD based inspection analysis. In 
this method a tolerance zone is created either side by 
offsetting the surface by a vector valued function in the 
local u, v space of the feature or face with an appropriate 
mapping to the geometric surface in R3 space. An 
interpolation blending function is used between 
tolerance values in the local u, v space to form a 
continuous tolerance function. This was the first attempt 
to address the specification and verification of variable 
tolerance for a free-form surface. Recently, Pasupathy et 
al. [11] address the specification of non uniform 
tolerance zones by using B-spline curves which provides 
the flexibility to modify the tolerance boundaries 
specific to functionality of a product. 
 
3. Present work 
 
In this section, it will be shown how the medial axis 
transform can be used to verify profile tolerance of free-
from surfaces in a part. 
Bahlen et al. [12] introduced a method to extract and 
visualize dimension from a geometric model, especially 
thickness and angles and certain properties like 
symmetry using MAT. Recently, verification of 
dimensional tolerance using MAT was introduced in [8]. 
Above methods use 3D MAT of an object to extract and 
verify the dimension and properties. But 3D MAT 
cannot be used for verification of profile tolerances for 
free-form surfaces due to geometrical properties of 3D 
MAT. So in this paper, we have used the MAT of free-
form surface domains [9] generated using geodesic 
distances for verification of profile tolerance assigned to 
the freeform face in a part. 
The definition of the medial axis transform for free-
form surface domains reported in [9] is as follows. The 
medial axis (MA) of the set D, denoted M (D), is defined 
as the locus of points inside D which lie at the centres of 
all closed g-disks which are maximal in D, together with 
the limit points of this locus. A closed g-disk is said to be 
maximal in a subset D of the 2D space if it is contained 
in D but is not a proper subset of any other g-disk 
contained in D. The radius function of the MA of D is a 
continuous, real-valued function defined on M (D) 
whose value at each point on the MA is equal to the 
radius of the associated maximal g-disk. The medial axis 
transform (MAT) of D is the MA along with its 
associated radius function. 
The scope of the paper is limited to verification of 
profile tolerance for solid based freeform surface with a 
specified datum. It is assumed that the MATs for 2D 
free-form surface for CAD surfaces and measured 
surfaces are available. Henceforth, MAT of the nominal 
CAD surface, will be referred to as nominal-MAT and 
the MAT of the measured surface will be referred to as 
measured-MAT. Techniques such as those in [9] are used 
for obtaining the MAT. It is also assumed that 
localization of nominal-MAT and measured-MAT for 
surfaces is done along with the localization of MATs of 
nominal and measured model used for dimensional 
tolerance verification [4]. Procedure Verify-profile-Tol 
takes the MAT of the CAD surface (nominal-MAT) and 
the MAT of the measured points (measured-MAT) as an 
input. For each edge of a surface, base edge is created 
which represents the foot points of MAT segments 
associated with it. Loop is formed for each base edge 
along with the associated MAT segments. For the 
surface having all the corners as convex corners, the 
number of loops formed is equal to the number of base 
edges. But in case of surface having concave corners, the 
number of loops will be less by the number of concave 
corners. In this case another segment is created from the 
concave corner to the nearest branch point. This ensures 
that the number of loops formed is equal to the number 
of edges. Increase in number of loops increases the 
quality of the grid formed. If loop contains more than 
four segments then each loop is subdivided to form 
triangles or quadrilaterals. 
After the loops are formed, each loop is independent 
of other loops and is separately sub-divided to form a 
grid. To form a grid, each segment in a loop is divided as 
per pre–specified number of segments. Grid density can 
be increased by increase in the number of segments. 
Thus each grid point on a nominal-MAT has a 
corresponding point on the measured-MAT. To get the 
deviation, the distance between the each grid point of 
nominal-MAT and corresponding measured MAT is 
determined. Based on the result, maximum deviation can 
be determined for a surface, which represents the 
geometrical variation in the manufactured surface. 
Maximum deviation is compared against the specified 
tolerance to decide the acceptance or rejection of a 
manufactured surface. 
___________________________________________ 
Algorithm Verify-profile -Tol (nominal-MAT, measured-
MAT) { 
for each surface edge { 
create- base edge (edge, geodesic-edge) 
loop–formation (base edge, MAT segment) 
check-concave-corner (concave-corner, new- 
MAT  segment) 
loop–subdivision (MAT segment, number of loops) 
grid-formation (loop, MAT segment) } 
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3.1 Characteristic Segments in a MAT for a free-form 
surface 
 
The various elements that generally compromise the 
MATs for 2D free-form surface have been defined by 
Varma and Gurumoorthy [5]. Only the elements and 
terminologies used in the paper are defined here. Edges 
of the surface, is termed as Base edge (edges A, B …F in 
fig 3). A MAT segment connected to the base edge is 
termed as External-MAT segment (segment 1, 2, 4, 6, 8, 
9 in fig.3.). A MAT segment connecting two branch 
points is termed as Internal-MAT segment (segment 3, 5, 
7 in fig.3.). External-MAT segment connected to the 
start of the base edge is termed as ‘Seed-Edge1’ and that 
connected to the end is termed as ‘Seed-Edge2’ (For 
loop A, base edge is ‘A’, segment 8 and 6 are ‘Seed-











Fig.3. Characteristic points of MAT for a free from 
surface. 
 
3.2 Construction of Base Edges 
 
MAT terminates at the convex corners of a surface. 
Its endpoints are connected by creating a segment 
passing through the foot points of a MAT along the 
edges of a surface. The created segment is termed as 
base edge and created using a procedure create base 
edge. 
 
3.3 Formation of Loops 
 
Number of loops formed by construction of base 
edges depends and equals to the number of convex 
corners existing on a surface. A loop is formed by a base 
edge and MAT segments. Procedure loop–formation 
takes care for formation of a loop given the base edge 
and total number of MAT segments. 
_____________________________________________ 
Procedure loop–formation (base edge, MAT segments) 
{ 
Seed-edge1 MAT segment at first end of base edge; 
Seed-edge2 MAT segment at second end of base 
edge; 
Check for loop-closure (Seed-edge1, Seed-edge2) 
  if (close) 
        break; 
 else  
    continue; 
for (number of internal-MAT segment){ 
if ( (start/end point of seed-edge 1- start/end point of 
internal-MAT segment)<TOL){ 
Seed-edge1  internal-MAT segment; 
number of segments in a loop ++;  
   } 
check for loop-closure (Seed-edge1, Seed-edge2) 
  if (close) 
   break; 






3.4 Handling concave corners 
 
MAT terminates at the convex corners of a surface 
but does not pass through concave vertices of the 
domain. It is observed that for a surface having all 
convex corners, the number of loops formed by 
construction of base edges is equal to the number of 
edges. In case of surface having concave corners number 
of loops formed is less by the number of concave 
corners. In this case, a new geodesic segment is created 
by using a procedure check-concave-corner. Procedure 
check-concave-corner finds the nearest branch point 
from the concave corner and constructs a new segment 
between the branch points with the concave corner. As a 
result, a loop containing the concave corner is divided 
into two loops making the number of loops equal to the 
number of edges with all convex corners. Loop with all 
convex corners ensures proper formation of grid. 
Formation of grid is discussed in the latter part of the 
paper (section 3.5). Fig.4 shows the formation of two 
loops by construction of segment from concave corner to 
a nearest branch point ‘BR-2’. Original loop ‘A’ 
containing a concave corner is divided into loop ‘A1’ 
and loop ‘A2’ by construction of new segment as shown 











Fig.4. Formation of two loops by construction of a MAT 
segment from concave corner to a nearest branch point 
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3.5 Loop Subdivision 
 
The total number of MAT segments in a loop depends 
on the geometry of the surface. For accuracy and 
simplicity for tolerance verification, the total number of 
segments in a loop is reduced to three or four forming a 
triangle and quadrilateral respectively by subdivision of 
loops with number of edges more than 4 (Procedure 
loop-subdivision). 
_____________________________________________ 
Procedure loop-subdivision (base edge, n=number of 
segments in a loop) { 
if (n==3) 
    triangle; 
else if (n==4) 
    quadrilateral; 
else { 
if (n==5) 
   construct new geodesic segment(midpoint of base    
edge, branch point between internal-MAT segments) 
if (n>=6) 
   construct new geodesic segment(start of base edge, 
branch point between internal-MAT segment number 2 
and 3) 























                 Fig.5. (b) 
Fig.5. (a) and (b) Types of loops formed by the base 
edges and MAT segments.   
 
Fig.5. (a) and (b) shows the various types of loops 
formed by the base edges and MAT segments. In fig. 5 
(a), Loop ‘B’ and ‘E’ form a triangle with segments (B-
4-5) and segments (E-7-1) respectively. Loop ‘C’ and 
‘D’ form a quadrilateral with segments (C-5-3-6) and 
(D-6-2-7) respectively. Loop ‘A’ with five segments is 
subdivided into two quadrilateral loops ‘A1’ and ‘A2’ 
while fig. 5 (b) shows formation of two loops 
quadrilateral ‘B1’ and ‘B2’ from Loop ‘B’ that is formed 




In this step the loops created in the procedure loop-
subdivision are further divided into grids. Formation of a 
grid helps in establishing a correspondence between the 
corresponding points in nominal MAT and measured 
MAT. All base edges and MAT segments are 
reparameterized to ensure the proper grid formation. 
Reparameterization also allows the user in the selection 
of grid size as per the accuracy required.   Procedure 
grid-formation takes a loop as an input and forms a grid 
of required size. 
During the grid formation, each MAT segment along 
with base edges is divided into pre-specified number of 
divisions. Number of divisions is specified based on the 
desired accuracy. In the current implementation the 
number of divisions is taken as 5. In fig.6, for a 
rectangular plate, Loop ‘A’ forms a triangle with 
segment ‘A’ as base edge and segment ‘1’ as seed edge1 
while segment ‘2’ as seed edge 2.Loop ‘B’ forms a 
quadrilateral with segment ‘B’ as base edge, segment ‘2’ 
and ‘4’ as base edge1and base edge2 respectively, and 











Fig.6. Grid formed by the base edges and MAT 
segments (in each loop). 
_____________________________________________ 
Procedure grid-formation (loop, grid-size) { 
if (number of MAT segments in loop == 3){ 
construct segments (seed edg1,base edge) 
construct segments (seed edg1, seed edg2) 
} 
else if (number of MAT segment == 4){ 
construct segments (seed edg1, seed edg2) 
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3.7 Tolerance Verification 
 
Procedure verify-tolerance verifies the deviation in 
manufactured surface by finding the distance between 
the corresponding points of grid formed by nominal 
MAT and measured MAT. Fig. 7 shows the grid formed 
on a nominal surface and the machined surface. The 
point where the maximum deviation occurs from the 
nominal surface point and the corresponding point on the 
nominal plate grid are also marked in the figure. There is 
one to one correspondence between the grid points of the 
nominal and deformed plate grid.  
Current state of art lacks in ability to measure 
distance between the corresponding points on measured 
and nominal surface.  Instead it determines the minimum 
distance between the measured point and the nominal 
surface. Results in the next section show minimum 
distance criterion results in rejection of acceptable parts 
and vice versa. Procedure also verifies for maximum 
deviation of surface in direction of coordinates axes 
representing datum planes. Information regarding the 
deviation of corresponding points (positional tolerance) 








Fig.7. Grid obtained for the nominal plate and machined 
plate.  
 
4. Results and Discussion   
 
This section illustrates the use of MAT as an 
intermediate representation in tolerance verification for 
free-form surfaces in a part using synthetic data. 
Fig. 8 (a) shows a rectangular plate ‘A’ representing 
the nominal surface with a grid on it. Fig. 8 (b) and (c) 
show rectangular plate ‘B’ and rectangular plate ‘C’ 
respectively that represent two instances of machined 
plate. In this study these have been obtained by 
randomly perturbing the definition of the plates by a 





                        
Fig.8. (b) 
 
                        
 Fig.8. (c) 
Fig.8. (a) Nominal rectangular plate with the constructed 
grid (b) and (c) Plates representing manufactured 
surfaces with grid. 
 
Table 1 shows the results for the maximum deviation 
in the two machined pieces B and C using the algorithm 
and commercial software (Siemens PLM Software NX-
6). As the nominal surface is a flat plane, the closest 
point algorithm used by the commercial software will 
yield the correct deviation. The comparison in table 1 
between the result obtained for the case B and C 
respectively by the algorithm proposed here and the 
commercial tool is a measure of the correctness of the 
proposed approach.  The small variation in the values is 
due to the grid size used. In the algorithm, each MAT 
segment is divided into five divisions to form a grid of 
5*5 in each loop(100 grid points in all), while the plate 
was divided into 500*500 size mesh (250000 points in 
all) using commercial  software.  This comparison 
establishes the validity of using grid points on the MAT 
to estimate deviations in form. 
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In the second part of the experiment, the surface B 
(figure 8(b)) is used as the nominal surface and the 
surface C (figure 8(c)) is treated as the machined 
surface. Table 2 (a) shows the result for the deviation in 
C with respect to B obtained by the algorithm and the 
commercial software. 
 
Table 2. shows the result for the deviation in C with respect to B 
obtained by the algorithm and the commercial software. 
 





Plate C obtained 
by 
commercial tool 
Surface Point  from  
plate B   









39.796 39.725  
7.114 
40.371         40. 
371    7.070 
 
The correct result of the deviation of C with respect 
to B is obtained by finding the distance between the two 
points in the last two columns of Tab. 1 namely 1.837. 
Therefore it is clear that when validating the profile 
deviation of free-form surfaces, the technique used in 





In the present approach the MAT of the surfaces 
(nominal and machined) are discretised into grids for 
validation. A grid constructed on these surfaces by 
discretising the parametric domain. But forming a grid in 
the parametric domain has some limitation.  If the 
surface has more than four edges or is irregular in shape, 
then the discretisation of the parametric domain is not 
straight forward. Also this approach requires knowledge 
of the origin of the parametric space. All these 
difficulties are overcome by using the grid using the 
MAT. Beside this advantage, MAT forms an 
independent grid for each loop thus reducing the indirect 
influence of deviations in one loop to another. Also as 
mentioned before, it helps in maintaining the proper 
correspondence between the nominal-MAT and 
measured MAT.  
 
 4.2 Sensitivity Analysis 
 
Sensitivity analysis is done for the confirmation of 
results indicating that increase in number of grid points 
(divisions of each segment) will increase in accuracy of 
an algorithm. For the grid formation, the MAT segments 
and base edges are subdivided into pre-specified number 
of divisions. Results were obtained for two cases – 
dividing MAT segments and base edges into 5 segment 
divisions each and 10 segment divisions each 
respectively. In both cases, the machined surface was 
simulated by obtaining points on a surface that was 
obtained by perturbing the control points of the nominal 
surface. Results obtained from a commercial system are 
considered as reference for the confirmation of the 
results. Result from table 3 confirms as expected that the 
increase in grid density (segment numbers) increases the 
accuracy of the algorithm. 
Tab.3. Comparison of the results for the sensitivity 
analysis of an algorithm. 
  
5. Conclusions  
 
Medial axis transform has been proposed as an 
intermediate representation for verifying profile 
tolerance specified for free-form surfaces in a part. The 
MAT is used to subdivide the nominal and machined 
surface and discretise each subdivided region in a similar 
manner. The grid points are then used to establish 
correspondence between the two surfaces and deviations 
measured. Preliminary results using simulated examples 
show promise. Ongoing work aims at validating the 
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